The scintillation light output response of stilbene crystals has been measured for protons recoiling along the a, b, and c' crystalline axes with energies between 1.3 and 10 MeV using neutrons produced with the tandem Van de Graaff accelerator at Triangle Universities Nuclear Laboratory. The proton recoil energy and direction were measured using the coincident detection of neutrons between a stilbene scintillator and an array of EJ-309 liquid scintillators spanning arranged neutron recoil angles. The maximum light output was found to coincide with proton recoils along the a-axis, in disagreement with other published measurements, which reported the b-axis as the direction of the maximum light output.
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Introduction
The crystalline organic scintillator trans-stilbene (hereafter referred to as stilbene) has attracted renewed interest for radiation detection applications [1] [2] [3] due to the recent development of a solution-based growth method that enables the fabrication of large monocrystals with excellent neutron-gamma pulse shape discrimination (PSD) and high light output [4] [5] [6] . Stilbene, like many crystalline organic scintillators, exhibits an anisotropic scintillation response to heavy charged particles; the response is dependent on the charged particle trajectory with respect to the crystalline axis. The light output response has been measured by several authors for a limited number of recoil directions in stilbene crystals [7] [8] [9] [10] [11] [12] and across a full hemisphere [13] . The following is a brief summary of the measurements of interest to this paper.
The first measurement of the anisotropic response of stilbene was reported in [7] . The authors determined the crystal orientation using a polarization microscope and reported that the response to 6.93 MeV α particles was at a maximum when traveling along the b-axis, a minimum along the c' -axis, and a value between the two extrema along the a-axis. A follow-up measurement in [9] reported the ratio of the maximum and minimum response for proton recoils at 8 and 22 MeV. The authors did not report any knowledge of the orientation of the crystalline axes or how the directions of the maximum and minimum response were determined. The results reported in [13] measured proton recoils at 2.5
MeV and 14.1 MeV over a full hemisphere for four stilbene crystals, where two of the crystals had labeled crystalline axes and two did not. The measurements were reported to be in agreement with [7] with the maximum response for proton recoils along the crystalline b-axis and the minimum response for recoils along the c' -axis. The results from [9] and [13] also show that the magnitude of the response anisotropy decreases as proton recoil energy increases.
While performing measurements of the scintillation response anisotropy of stilbene crystals over a full hemisphere at 11 distinct recoil proton energies between 560 keV and 10 MeV, we found a disagreement between our measurements and reports in the literature regarding the direction of the maximum light output. This paper presents a subset of our measurements of the scintillation response anisotropy for proton recoils in stilbene, focusing on the light output for recoils along the a, b, and c' axes directions. Five stilbene crystals were measured, four grown by Inrad Optics and one grown at Lawrence Livermore National Laboratory (LLNL). The LLNL crystal was previously measured in [13] where it was denoted as sample "Stilbene Cubic A". The measurements in this paper include the following: (1) measurements of proton recoils between -(3) were performed at the Triangle Universities Nuclear Laboratory (TUNL) using the tandem Van de Graaff accelerator, and measurement (4) was performed at North Carolina State University. All of the measurements indicated the a-axis as the direction of the maximum light output for proton recoils -in disagreement with previous literature.
Stilbene structure and axes identification
The only measurement in the literature of the stilbene light output to also report the methods used for the crystalline axes identification is [7] . The proper determination and labeling of the crystalline axes was necessary for the measurements presented in this work. The following describes the methods used by Inrad Optics for stilbene growth and axes identification. It is assumed that the LLNL crystal's axes were identified using similar methods.
The stilbene crystals were grown from solution [14] as single crystals with no visible inclusions or defects. Stilbene crystallizes in the monoclinic system, with a structure first described in [15] and refined in [16] [17] [18] . The space group and lattice constants in [17] were used as they are consistent with earlier reports of anisotropic behavior in organic scintillators [7] : space group P21/a, a = 12.382Å, b = 5.720Å, c' = 15.936Å, and β = 114.15
• . Note that a in the representation reported in [16] is not equivalent to the others due to the use of a different space group.
Solution-grown stilbene boules exhibit two sets of broad natural faces which were identified as (203) and (001) by x-ray diffraction; these planes can be quickly differentiated visually due to the much larger birefringence through (203) relative to (001). (010) is orthogonal to the broad natural faces and was confirmed by x-ray diffraction. The stilbene cubes had faces cut parallel to (010) and (001). The third set of cube faces is denoted as a* and the direction normal to (001) is identified as c' (refer to Figure 1 for an illustration of the face and axis labeling). 
Experiment setup at Triangle Universities Nuclear Laboratory
The measurements at TUNL were performed using quasi-monoenergetic neutron beams produced with the tandem Van de Graaff accelerator. Deuterons were accelerated toward a deuterium gas cell to produce neutrons via the D(d,n) 3 He reaction. The experiment setup is shown in Figure 2 . The measurement relies on the coincident detection of a neutron event in the stilbene detector and one of the 5.08 cm diameter x 5.08 cm long EJ-309 backing detectors, which were aligned at selected angles with respect to the stilbene detector. The proton recoil energy in the stilbene detector was calculated using:
where E p is the proton recoil energy, E n is the incident neutron energy, and θ n is the scatter angle of the neutron. The direction of the proton recoil in the stilbene crystal was also determined kinematically, because
where θ p is the scatter angle of the proton. The uncertainty in θ p for a single n-p scatter event was dominated by the size of the 5.08 x 5.08 cm EJ-309 backing detectors which were positioned at a nominal distance of 60 cm from the stilbene detector; it was < 4
• . The uncertainty on E p for a single n-p scatter event was dominated by the energy spread of the quasi-monoenergetic neutron beam and the finite size of the EJ-309 backing detectors; it was 500 keV.
Detectors and data acquisition
Details of the five stilbene crystals are given in Table 1 . The crystals grown by Inrad Optics were provided with the axes marked as shown in Figure 3 . The Each crystal was mounted to a PMT such that proton recoils in the a-b, a-c', or b-c' plane could be measured. Make Volume (cc) Recoil plane Number Inrad 1.00
The stilbene detectors were enclosed in light-tight housings, and the PMTs were covered with a cylindrical piece of mu-metal. The assembled stilbene detectors were mounted to a 360
• rotational table as shown in Figure 4 . The crystals were rotated to measure proton recoils along specific trajectories with respect to the crystalline lattice using the backing detectors set at fixed angles.
The 12 backing detectors were mounted to an aluminum frame, positioned with to the neutron beam direction. Calibrations were performed using 137 Cs at the beginning and end of the measurements for each stilbene detector. Detector pulses were recorded using a Struck SIS3316 digitizer.
Plastic scintillator measurements
Directional measurements of a plastic scintillator were performed to confirm that the response anisotropy is due to effects within the crystalline stilbene detector and not effects from the measurement system. Plastic scintillators do not exhibit directional dependence, as demonstrated in [13] , and thus, the absence of light output anisotropy in a plastic sample provides confirmation that the measurement system is not the source of the anisotropy. A 1 cc EJ-228 plastic scintillator mounted to an Electron Tube 9134SB PMT was characterized using the coincident scatter measurement apparatus. A similar method as in [13] was used, where the observed standard deviation (σ obs ) for measurements at a given energy was compared to the average statistical uncertainty (σ stat ) of those measurements. The measurements were performed with an 11. is significantly less than the 5% to 30% difference expected for the stilbene light output, and shows that the light output anisotropy characterized in the stilbene measurements is not caused by an external effect of the measurement system, but rather is due entirely to the light emission within the stilbene crystal. The mean light output for proton recoils was calculated by localizing events 
4.8 MeV neutron beam
Two additional measurements were made at TUNL with the neutron beam energy at 4.8 MeV using crystals 4 and 5 from Table 1 (hereafter referred to as the Inrad crystal and the LLNL crystal, respectively) oriented for measurements in the a-b plane. The first measurement was performed using the same method as the coincident scatter measurement described in section 4.1. The second measurement was performed by measuring full energy deposition events along the a and b axes.
Coincident scatter measurement
The coincident scatter measurement setup shown in Figure 2 Table 2 , and they agree with the conclusion that proton recoils along the a-axis produce more light than those along the b-axis. It should also be noted that the measured light output is statistically identical between the Inrad and LLNL crystals for the same recoil energy and recoil axis. 
Full energy deposition measurements
Full energy deposition events along the a and b axes of the Inrad and LLNL crystals were measured at TUNL using a 4.8 MeV neutron beam. The measurements were performed by placing the crystals with the a and then the b axes in the direction of the neutron beam. Gamma events were removed in post-processing using a standard charge-integration PSD technique. All proton recoil events in the stilbene detectors were recorded, and recoils along the forward direction (full energy deposition scatter events) were identified by fitting the pulse integral spectrum. Using the same method described in [13] , the full energy deposition edge was determined by fitting the measured spectrum to a sloped distribution with a hard cutoff convoluted with a Gaussian resolution function, resulting in the fit function:
where m and b are the slope parameters,L is the edge location, and σ is the light output resolution.
The calculated edge positions are given in Table 3 . Again, the results for both crystals show that the proton recoils along the a-axis produce more light than along the b-axis. Examples of measured spectra and the fits are shown in Figure 8 . The difference in the calculated edge positions between the Inrad and LLNL crystal is due to multiple scatter events in the much larger LLNL crystal. Neutrons in larger volume scintillators have a higher probability for multiple scatters. Due to the nonlinear, concave-up relationship between light output and energy, it is impossible for a multiple scatter event to produce as much light as a full energy deposition single scatter. This results in a larger number of lower light output events near the full energy deposition edge and a corresponding decrease in the fitted edge position. This effect only influences the calculation of the full energy deposition edge; it does not occur in the coincident scatter measurements. Multiple scatter events are mostly discriminated out in the coincident scatter measurements due to the differences in total light output and the time-of-flight for multiple scatter events compared to single scatter events. is shown in Figure 9 . The 1.0 MeVee threshold restricted the detected proton recoils to a cone about the axis that is colinear with the source-detector axis or "in-line" with the source (e.g the b-axis is in-line with the source in Figure 9 ).
The angle of the cone is dependent on the incident neutron energy and direction.
The measurements were performed by placing a 252 Cf source at a fixed distance from the Inrad and LLNL stilbene crystals with the b-axis in-line with the source such that protons would recoil in a direction within a cone about b-axis.
The count rate was recorded. The crystals were then rotated 90
• such that the a-axis was in-line with the source and proton recoils were directed within a cone about the a-axis, and the count rate was again recorded. A standard chargeintegration PSD technique was applied in post-processing to separate neutron and gamma events. The gamma count was used to normalize the neutron count for comparison between measurements, since gamma interactions in crystalline organic scintillators do not exhibit scintillation anisotropy [19] .
The ratios of the count rates when the a-axis was in-line with the source (recoils in the direction of the a-axis) to when the b-axis was in-line with the source (recoils in the direction of the b-axis) are shown in Table 4 . The count rate ratios were greater than 1 for both crystals. These results confirm that recoils along the a-axis correspond to the direction of the maximum light output, in agreement with section 4 and in disagreement with previous results in the literature. 
Comparison of the magnitude of change in light output
With the a-axis established as the direction of the maximum light output for proton recoil events, the light output ratios for recoils in the a-c' plane (circles in Figure 7 ) can be compared with the magnitude of change in the light output measured in [9] and [13] . The results in [13] define the magnitude of change of the light output as the ratio of the maximum to the minimum light output for a crystal: Figure 10 shows the light output ratio for recoils along the a-axis and c' -axis plotted with the ratios of maximum to minimum light output measured in [9] and [13] . The ratios from this work are lower than those previously reported.
One potential cause of this effect is that these measurements were performed using the R7111 PMTs which were partially saturating for proton recoils above Figure 10 : Magnitude of change in the light output response vs energy as reported in [9] , [13] , and this work. The data points from [13] were calculated by averaging the reported ratios for three solution grown stilbene crystals.
3 MeV. The saturation becomes more pronounced as the proton recoil energy increases resulting in a decreased ratio because the effect is larger for recoils along the direction of the maximum response than other recoil directions. Also note that the coincident scatter technique used in this work is more accurate than the edge fitting technique, particularly at lower energies where the full energy deposition edge has poorer resolution. As noted in [13] , changes in the binning or the fitted light output range result in significant changes in the fitted edge position.
Discussion of disagreement with previous literature
The conclusion that the a-axis is the direction of the maximum light output is in disagreement with several authors [7, 9, 13] , as discussed previously.
Subsequent to the completion of the measurements presented in this paper, the results reported in [13] were reviewed by the author who is a co-author of this paper. It was determined that an error was made in the labeling of the a and b axes that resulted in the axes being swapped. It has been concluded that the a-axis is the direction of maximum light output measured in [13] , and that the measurements are in agreement with the results of this paper.
The measurements reported in [9] , while of some use for comparison, should
not be considered precise due to the omission of uncertainties on the measurements and the absence of an explanation of the method used to determine the maximum and minimum directions of the light output. In addition, the crystalline axis orientation unknown, and the maximum and minimum light output directions reported in [7] were assumed correct without independent validation.
Based on the information provided in [9] , it is possible that the A L values reported for stilbene were the ratios of the response for recoils along the a and c'
axes.
The measurements reported in [7] were the first to show the b-axis as the direction of the maximum light output, but were performed with α particles unlike the other measurements discussed in this paper. The crystalline axis orientation was determined using a polarization microscope, making it unlikely that the axes were incorrectly identified. Differences in the direction of the maximum anisotropy for protons and α particles may be a real effect, and further research into the effect of the stopping power on the anisotropic response could be of interest. It is also possible that the measurements were influenced by the polycrystalline nature of early melt-grown stilbene samples. A polycrystalline stilbene sample was measured in [8] , and the direction of the maximum light output was reported to nearly coincide with the c-axis. This displays the large affect poorly grown samples had on scintillation measurements.
Conclusion
Measurements of the light output anisotropy for proton recoils in stilbene were conducted for recoils traveling along the a, b, and c' axes, and we have 
